OBJECTIVE: Evaluate brain metabolites, which reflect neuroinflammation, and relate to neurodevelopmental outcomes in healthy term neonates exposed to chorioamnionitis. STUDY DESIGN: Thirty-one healthy term neonates with documented fetal inflammatory response after maternal chorioamnionitis underwent magnetic resonance spectroscopy (MRS), with voxels placed in basal ganglia (BG) and frontal white matter. Bayley III examinations were performed at 12 months of age. RESULT: Infants with below average outcomes did not show the same increase in NAA/Cho ratios postnatally as the group with normal outcomes. Decreased NAA/Cho and increased Lac/Cr in BG correlated with lower motor and cognitive composite scores, respectively, controlling for postnatal age. In males, increased lactate/NAA in BG were associated with lower motor scores. Funisitis severity was associated with decreased NAA/Cho and increased mI/NAA in males. CONCLUSION: In healthy term newborns with chorioamnionitis, MRS ratios shortly after birth may provide evidence of occult neuroinflammation, which may be associated with worse performance on 1-year neurodevelopmental tests.
INTRODUCTION
In chorioamnionitis, inflammation of the chorion and amnion membranes leads to significant secretion of inflammatory cytokines in the amniotic fluid. The resulting intra-amniotic inflammation may lead to a fetal inflammatory response that places infants at risk for adverse neurodevelopmental outcomes, regardless of gestational age. [1] [2] [3] Neuroinflammation may proceed silently, and the ability to identify neonates with neuroinflammation who are at risk for developmental problems shortly after birth would help advance treatment options and allow monitoring and early treatment in this high-risk population. As chorioamnionitis is present in approximately 10% of all deliveries, this represents a significant population who may be at risk for developmental delay. 4 Magnetic resonance spectroscopy (MRS) enables in vivo investigations of neural metabolic processes. By evaluating ratios of common metabolites, investigators have gained important mechanistic and prognostic information about disease processes such as hypoxia-ischemia, 5 hydrocephalus, 6 abnormal cardiac development 7 and preterm chorioamnionitis. 8 To date, there has been no MRS study of healthy term newborns with histological chorioamnionitis, although relative risk for subsequent cerebral palsy is 4.7 for near term and term infants exposed to chorioamnionitis. 3, 9 We hypothesized that the use of this neuroimaging modality in term neonates could detect inflammatory changes induced by chorioamnionitis, and that these metabolic ratios would be associated with 1-year neurodevelopmental outcome.
METHODS

Study population
This study was approved by the Medical University of South Carolina's Institutional Review Board and was conducted between August 2006 and October 2011 on term infants born ≥ 37 weeks gestation to mothers with chorioamnionitis, which we defined as clinical amniotic infection and maternal fever 4100.4 0 F in the presence of two of the following: uterine tenderness, maternal leukocytosis 412 000 cells mm -1 , fetal tachycardia 4160 b.p.m. or maternal tachycardia 4100 b.p.m. Exclusion criteria were the presence of any congenital abnormality or receiving therapeutic intervention in another trial. Mothers consented to participate in the study and have their infants' umbilical cords analyzed by a pathologist to confirm funisitis. Confirmed funisitis indicates a fetal systemic inflammatory response and makes noninfectious causes of intrapartum fever less likely. Infants with confirmed funisitis were scheduled for MRS scans as an outpatient between 1 and 4 weeks after discharge. The Bayley Scales of Infant Development III (Bayley) were used to evaluate infants' cognitive, language and motor skills at approximately 12 months of age. A single certified school psychologist performed all exams for this study.
Umbilical cord/placental pathology
All patients in the study had placental pathology performed to confirm funisitis. The umbilical cords were fixed in 10% neutral buffered formalin overnight. Three cross-sections of umbilical cord, from distal (fetal) and proximal (placental) ends and from the central (mid-) portion of the cord, were submitted for processing. Placental and umbilical cord histologic grading and staging was performed by a single pathologist according to criteria of Redline. Magnetic resonance spectroscopy MRS was obtained shortly after birth using a Philips or Siemens 3 T system (Intera, Philips Medical, Best, The Netherlands; or Trio, Siemens Medical, Erlangen, Germany). Scans were obtained using a standard adult head coil. Owing to time constraints, limited T1 axial and T2 sagittal images were obtained for voxel localization. Diffusion tensor imaging along with spectroscopy data were acquired at the same session on unsedated infants. Diffusion tensor imaging data are not reported here. Single-voxel 1H-MR spectra using point-resolved spectroscopy were acquired with both short (32 ms Philips; 30 ms Siemens) and long (270 ms) echo times (TE), a relaxation time of 1.5 s and signal averages of 128. A single-voxel size of 15x15x15 mm was used for measurements in the basal ganglia (BG) and in the frontal lobe white matter (WM; Figure 1 ). Spectra were fit using LCModel with standard Philips or Siemens basis sets. 11 The concentration of metabolites myo-inositol (mI), total choline 12 and total creatine 13 were measured at short TE, whereas lactate, 14 N-acetyl-aspartate and Nacetylaspartylglutamate (NAA), Cho and Cr, at long TE. Lac/NAA, Lac/Cr, NAA/Cho, NAA/Cr, mI/NAA, mI/Cho and mI/Cr concentration ratios were used for analysis. Spectra from each manufacturer's scanner were analyzed separately and then concentration ratios compared between scanners. For metabolites at 270 ms TE, there were no differences in concentration ratios by scanner, and therefore data at TE = 270ms were combined for patients scanned on both the Philips and Siemens machines. However, mI ratios, which are best detected at TE = 32 ms, were only analyzed in the subsample scanned on the Philips machine because of incoherence of data from two different scanners and on the recommendation of our MRS expert (T Brown, PhD). All metabolites had s.d. ≤ 20% of the concentration by Cramer Rao as the standard for inclusion with the exception of Lac, which was assessed individually.
Statistical analysis
Sample size is estimated based on a power analysis that was performed using a general linear model with three factors. The sample size requirement of 25 patients is estimated to provide an 80% power (Cohen's effect size of 0.20) to detect a 20% predictive variable difference. To account for a dropout rate of about 50%, we aimed to enroll approximately 50 patients for this study. To assess the homogeneity of variance within the study sample, Fisher's exact test and Pearson's chi-square were used for dichotomously scaled variables and Student's t-test was used for continuous variables. Pearson's correlation coefficient was used to determine the effects of time from birth to scan or postnatal age (PNA), and postconceptional gestational age at scan on MRS metabolite ratios. A general linear model was used to explore the relationship between MRS metabolite ratios and Bayley composite domain scores, controlling for the effect of PNA and gender on MRS metabolite ratios. We report adjusted r 2 values (r 2 , general linear model) for each significant association. To better define gender effects, semipartial correlations (r in single gender analyses, semipartial correlation coefficient) were calculated within each gender for Bayley scores and MRS ratios, controlling for the effect of PNA. For all statistical tests, the level of significance was set with Po 0.05 and the confidence interval of 95%. With the small sample size in these exploratory analyses, we did not correct for multiple comparisons, but note when correction for multiple comparison testing of seven metabolite ratios would still yield significant results. Final statistics were obtained using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Demographic data
Of the 71 term infants approached for participation in this study, 55 participants were consented and had umbilical cord histology. Of these, two umbilical cords were lost and nine had no evidence of cord inflammation. A total of 17% (9/53) of consented mothers with clinical evidence of chorioamnionitis had negative cord histology. Therefore, 44 participants had confirmed funisitis. There were no significant differences in infant demographic data (Table 1) .
No infant had positive blood cultures. Most infants (n = 33) were treated in the level I nursery and discharged home within 2 to 3 days, per routine after blood cultures were negative. Based upon complete blood count abnormalities ten patients were admitted to the level II nursery for suspected sepsis and received between 3 and 7 days of antibiotics. None of these level II infants had hypotension, shock or respiratory distress. Two infants received saline in the delivery room for delayed transition with capillary refill of 43 s with normal heart rates and blood pressures. They underwent a sepsis evaluation, but had no other resuscitative interventions. Neurologic status was normal in these patients. One male infant was admitted to the level III nursery for treatment of seizures because of presumed hypoxic-ischemic encephalopathy with a cord pH of 6.98. Although this infant represents the spectrum of chorioamnionitis, which is frequently complicated by hypoxic-ischemic encephalopathy, we excluded him from the reported analyses, as he was atypical of the other healthy newborns.
Of the 43 infants who had funisitis (omitting the hypoxicischemic encephalopathy infant), 39 returned for the scan during the required time, between 0.2 and 4.0 weeks after birth (mean 1.5 ± 0.9 weeks, postconceptional gestational age 38 to 44 weeks).
Eight patients' raw MRS data could not be retrieved. All scans were for research only, and included limited T1 and T2 images, which were normal, without overt gray matter or WM injury. Of the remaining 31 patients, 3 did not have any scans that met quality inclusion criteria. We report on 28 and 27 infants for NAA and choline ratios in the BG and WM, respectively, and 27 and 26 infants for Lac ratios in the BG and WM, respectively. For mI, we had 21 usable scans in the WM, 15 in the BG for mI/Cho and mI/Cr, and 14 in the BG for mI/NAA.
Twenty-seven infants were seen for 1-year neurodevelopmental follow-up between the ages of 11.0 and 13.2 months, with a mean of 11.9 months (Figure 2 ). We dichotomized outcomes by Bayley domains. Infants who scored ≤ 8 in at least one scaled Bayley domain were categorized as 'low/below average' and those who scored 48 in all scaled Bayley domains were categorized as 'average.' Low/below average gross motor scores were present in eight infants (four males, four females), and low/below average expressive language scores were present in four males. Neurodevelopment scores did not differ by sex for dichotomized outcome scores.
Infants with low versus average outcome scores have different NAA maturation patterns Metabolite ratios are known to change after birth in the neonate as part of normal development. 15 We analyzed the relationship between PNA (or time from birth to scan) and postconceptional gestational age at scan, and found they were significantly correlated in our sample (r = 0.497, P = 0.001), and not independent. Therefore, we analyzed which parameter of maturation was more discriminatory for MRS ratio differences. If significant neuroinflammation is present after exposure to chorioamnionitis, then brain metabolites may reflect this injury at the time of birth. The normal maturation pattern would then be altered. Compared with infants without significant neuroinflammation, slower postnatal maturation of MRS metabolites would occur in these infants, regardless of conceptional age. 16 In our infants with average Bayley scores at 1 year of age, we did observe the normal pattern of increased NAA/Cho or NAA/Cr with increasing PNA (Figure 3a) . However, in those patients with below/low average Bayley scores in any domain, NAA ratios were not associated with PNA, indicating a different NAA trajectory in those infants exposed to chorioamnionitis who subsequently have poorer outcome scores. In contrast, NAA ratios were related to conceptional age to a similar degree in infants with average and below average scores (Figure 3b) . Therefore, PNA distinguished the altered maturation pattern of NAA metabolites in term infants with worse outcomes after exposure to chorioamnionitis, providing indirect evidence of neuroinflammatory injury at birth.
The severity of fetal inflammatory response is associated with MRS metabolites in male infants Infant umbilical and maternal placental stages and grades of inflammation were significantly associated with one another, P = 0.007 and P = 0.001, respectively. Males and females had similar degrees of funisitis (P ≥ 0.9). Compared with males with mild funisitis, males with more severe funisitis (grade 2) had significantly lower NAA/Cho in the BG (n = 10 for mild funisitis, n = 5 for more severe funisitis; P = 0.001) and higher mI/NAA in the WM (mild n = 9, more severe n = 5, P = 0.018) ratios. There was no significant effect of funisitis grade or stage on MRS metabolite ratios in females or the combined sex group. Importantly, the severity of funisitis did not have an effect on outcome independent of the effect on MRS ratios, a finding that highlights the importance of the fetal neuroinflammatory response in neurodevelopmental outcome after chorioamnionitis.
MRS metabolite ratios correlate to motor development NAA/Cho in the BG correlated positively with motor composite scores (Figure 4a ). In the WM, mI/Cr was negatively associated with fine motor scores (Figure 4b ). Cho/Cr ratios in the BG and WM were negatively associated with motor composite scores. These changes are similar to the MRS changes in term infants with hypoxic ischemic injury in whom NAA ratios correlated positively with motor composite scores, whereas lactate and mI ratios correlated negatively. 5 Although sex did not have a significant effect on MRS metabolite ratios overall, sex was a significant factor in the model for association of lactate ratios with gross and fine motor scores, controlling for PNA ( Figure 5 ). In females, lactate ratios in WM were negatively associated with fine motor scores (n = 8, Lac/NAA: r = − 0.745, P = 0.043, Figure 5b ; Lac/Cr: r = − 0.424, P = 0.038). In males, Lac/NAA ratio in the BG had a strong association with gross motor scores and motor composite at 12 months (n = 9, Lac/NAA and gross motor: r = − 0.856, P = 0.007, Figure 5a ; Lac/Cr and gross motor: r = − 0.799, P = 0.031; Lac/NAA and motor composite: r = − 0.755, P = 0.024). Lac/NAA ratios remain significantly negatively associated with gross motor scores in males, even after correction for multiple comparisons testing of seven metabolite ratios. Lac/NAA ratios in the BG combine two strong indicators of neuroinflammation and maturation, and have been shown to be among the best predictors of 18-month outcome after neuroinflammation because of hypoxic ischemic injury. 17 In our cohort exposed to chorioamnionitis, Lac/NAA ratios in the BG are also strongly associated with motor outcomes, but reflect the interaction of neuroinflammation because of chorioamnionitis and male sex on motor outcomes.
Cognitive and language development correlate with MRS metabolite ratios Lactate ratios in the BG were also negatively associated with cognitive composite scores in the mixed model, which controls for gender and PNA (Table 2 ). Lac/NAA and Lac/Cr in BG were negatively associated with cognitive composite scores in males (n = 9; Lac/NAA: r = − 0.784, P = 0.016, Figure 5c ; Lac/Cr: r = − 0.771, P = 0.034). WM mI/Cr was negatively associated with expressive language scores (Table 2) , with a significant gender effect and an interaction effect between gender and mI/Cr interaction (P = 0.003, significant after multiple comparisons correction). Other exploratory analyses are presented in Table 2 .
DISCUSSION
In this study, we report the correlation of brain metabolites to 1-year neurodevelopmental outcome in term babies with histological chorioamnionitis with confirmed fetal inflammatory response. The relationship between chorioamnionitis and neurodevelopmental outcome is supported by experimental evidence in animal models, epidemiologic studies, and two meta-analyses that identified chorioamnionitis as a risk factor for cerebral palsy. 1, 3, 18 However, conflicting findings have also been reported. Histologic chorioamnionitis was not associated with adverse long-term outcomes in preterm infants, 14 or with IQ tests at 3.5 or 7 years of age in term infants, 13 perhaps because of heterogeneity of etiologies of chorioamnionitis. Recent studies have shown that chorioamnionitis at term may be noninfectious. 19, 20 In our cohort of healthy term babies diagnosed with chorioamnionitis, only those with documented funisitis were included to ensure as much as possible that chorioamnionitis was due to infectious etiologies.
The pathogenesis of chorioamnionitis-mediated neuroinflammation is thought to be a result of bacterial engagement of Toll-like receptors on innate immune cells. 21 This elicits an increase in amniotic cytokines, with interleukin-1 having a crucial role, 22 followed by increased fetal/neonatal plasma levels of inflammatory mediators such as interleukin-6. 23 These cytokines lead to cerebral damage in some patients by activating microglia, leading to neuroinflammation and subsequent disruptions in neuronal developmental. 24 The individual's response to chorioamnionitis may depend on factors including genetics, epigenetics, environmental factors and sex.
A recent study demonstrated that males have increased responsiveness to lipopolysaccharide, a Toll-like receptor-4 agonist. 25 This response concurs with our findings that the severity of funisitis in male infants was associated with significant changes in MRS metabolites, indicating an interplay between male sex, systemic and neuroinflammatory responses. Lactate and NAA metabolites in BG independently correlate with motor outcome in males. However, the grade or stage of funisitis was not itself directly associated with outcome in either gender, suggesting that the presence of a fetal neuroinflammatory response, as indicated by Lac/NAA for example, may be more important for neurodevelopment than the severity of the cord inflammation itself.
In normally developing infants, NAA increases rapidly near term GA, reflecting neuronal activity and maturation, 26 and the in utero rate of incorporation of NAA is identical to the postnatal rate of accumulation. 15, 27 In the presence of an inflammatory insult, such as chorioamnionitis, this normal maturation may be altered at specific time points. As chorioamnionitis is typically a perinatal insult, it may impair NAA accumulation in neurons beginning at birth. If so, a decrease in NAA would be better reflected by the postnatal age than postconceptional age at time of scan, as we found in our healthy term newborns. Thus, our data suggest that MRS metabolites may reflect occult neuroinflammation, which starts at birth after exposure to chorioamnionitis. Other reports indicate that early alterations in expected NAA maturation after birth may have long-term neurodevelopmental consequences. 12 In our population of neonates with pathologically verified funisitis and fetal systemic inflammatory response because of chorioamnionitis, infants with lower NAA ratios in the BG also scored below normal on the 1-year Bayley exam. Elevated lactate ratios are associated with worse outcome scores, reflecting an imbalance in neuroenergetics secondary to inflammation. High levels of lactate have been correlated to elevated interleukin-1 and interleukin-6. 22, 23, 28 These cytokines can activate astrocytes to increase their glucose uptake as a means to increase glutathione levels and dampen oxidative stress. 29 If host inflammation is left unchecked, lactate may continue to accumulate in the astrocyte, thereby reducing astrocyte-mediated protection of neurons. 30 These changes in neuroenergetics could have an impact on synaptogenesis and myelination, which in turn may lead to impaired motor function or memory and learning. 31 Acute neuroinflammatory conditions have also been shown to lead to glial accumulation of mI on MRS, 32, 33 an important component of the phosphatidylinositol 3-kinase signaling pathway and a marker of activated astrocytes and microglia. [34] [35] [36] In our cohort, increased mI ratios in the WM were associated with poorer outcomes. Thus, the elevation of this metabolite suggests an ongoing inflammatory response, as well as possible astrogliosis at the site of injury. 37 Limitations of our study include the small number of femalemale participants in some categories and the lack of non-exposed infants as a control group. We expected many of our infants to have normal development, and our comparisons were aimed at determining which brain metabolites could distinguish between those with normal and below normal development after exposure to chorioamnionitis. In clinical practice, MRS will likely be more restricted to at-risk populations, and we wished to study the utility of this neuroimaging modality in a clinically relevant scenario. 6, 26 Our 12-month developmental results will need to be confirmed with longer follow-up and greater numbers in term infants. However, our study provides evidence that abnormalities in brain metabolism can be detected in healthy term infants with funisitis, and correlate with intermediate term outcomes. Clinical factors and cord/placental inflammatory grade failed to identify these individuals at risk for delay, but MRS metabolite ratios obtained within a few weeks after birth were associated with 1-year outcome scores. If our results are confirmed in other studies, MRS may be a useful screening test to identify term infants at higher risk of developmental problems after exposure to chorioamnionitis.
In conclusion, funisitis and the ensuing host response to inflammation are correlated with MRS metabolites shortly after birth, and the degree of effect on metabolites is related to neurodevelopmental outcome scores at 12 months. 
